The long-term outcome of human islet allotransplantation is poor, and it remains to be seen if the Edmonton Protocol will make a positive impact upon the extension of posttransplant islet function. Hence, establishing an implantation site capable of sustaining islet allografts for a prolonged duration needs to be explored. In this study we investigated the submucosal space of the duodenum in Syrian golden hamsters. Following transplantation of more than 800 islets into streptozotocin (STZ)-induced diabetic hamsters, basal nonfasted blood glucose levels decreased from 403 ± 14 to 143 ± 10 mg/dl within 5 weeks posttransplantation. In these animals, in vivo islet function, as determined by intravenous glucose tolerance test (IVGTT), was similar to nondiabetic controls (K values: 1.16 ± 0.12 vs. 0.95 ± 0.06, respectively) and was significantly greater than diabetic controls (K value: 0.47 ± 0.07). Islets transplanted into the submucosal space become richly vascularized within 2 weeks, and there is minimal host inflammatory infiltrate. The β-cells of the graft remain well granulated with insulin for at least 129 days. We conclude that the submucosal space is an effective engraftment site for islets that warrants further development in a large-animal model.
INTRODUCTION
mized over the long term. Ideally, a site should be a well-vascularized compartment, have portal venous Islet cell transplantation is a promising approach to drainage, be easily accessible for implantation, and, perthe restoration of glucose homeostasis and the prevenhaps most important of all, provide the necessary trophic tion of the devastating secondary complications in pasupport to maintain long-term islet graft survival. tients with type I diabetes mellitus (31). Until very re-A variety of sites for islet transplantation have been cently, only 20% of human islet allotransplants from examined, including liver, spleen, kidney capsule, periadult human donors have resulted in insulin indepentoneal cavity, and the subcutaneous space (7). Previous dence, with only 8% of recipients insulin free after 1 studies have shown that well-vascularized sites such as year (31). This situation appears to have changed drathe spleen and liver are more effective for islet transmatically with the report from Edmonton of seven conplantation than sites with poor blood supply such as the secutively transplanted patients, all of whom became inperitoneal cavity and subcutaneous tissue (44). Although sulin independent and remained so for greater than 1 the intraportal site is most commonly used clinically year (34, 37) . This outcome, however, was achieved with (40) , the early and late failures of islet allografts in huislets from up to three pancreases, and many of the pamans, and the failure of dog islet autografts after aptients remain in a borderline glucose-tolerant state, reproximately 2 years (2), have raised questions about the quiring insulin when stressed (34) . suitability of this site for maintenance of long-term func-Selective β-cell loss has been observed in human tion (2,31). In addition, the intraportal site is limited by pancreatic islets transplanted to diabetic nude mice the amount and type of tissue that can be infused and (9,16). This suggests that nonimmunological factors engrafted into the liver. contribute to the success of islet transplantation. One of Preservation of islet graft viability involves a comthese factors is almost certainly the engraftment site plex interplay between islet cells and the microenviron- (34) . Sites selected for islet engraftment must meet sevment into which they are implanted (14, 41, 43) . We hyeral conditions so that islet graft function can be optipothesize that the failure of transplanted islets to survive 530 TCHERVENIVANOV ET AL. may be due, at least in part, to either the absence of sity gradient of bovine serum albumin (BSA) (Sigma, St. Louis, MO). Islets were collected from the interface long-term trophic support, the presence of noxious factors, or both. Thus, new strategies that seek to reestab-of the 1.000 and 1.081 g/ml layers. To ensure 100% purity of the preparation, islets were hand-picked and lish long-term islet function following transplantation, including a more suitable implantation site, need to be counted under an inverted microscope (Nikon TMS, Japan). Islets were incubated overnight in RPMI-1640 explored. This study was designed to investigate the submucosal space of the upper gastrointestinal tract as medium (Gibco BRL, Burlington, Ontario, Canada) supplemented with 4% NuSerum (Collaborative Research an engraftment site with a view to maintaining longterm islet cell function.
Inc., Bedford, MA), penicillin (100 U/ml, Gibco BRL), and streptomycin (100 µg/ml, Gibco BRL).
MATERIALS AND METHODS

Islet Transplantation Experimental Animals
After overnight incubation, islets were aspirated from Normoglycemic outbred female Syrian golden hamculture plates into a 50-cm segment of sterile polyethylsters (LVG strain, Charles River, Quebec, Canada) ene tubing (PE-50, I.D. 0.58 mm., O.D. 0.965 mm; Clay weighing 95-115 g were used as islet donors and islet Adams, Becton Dickinson and Co., NJ). The tubing end recipients. The animals were maintained on a 12-h light/ was temporarily closed using Sure-Seal  (Baxter Healthdark cycle in the animal care facilities of the Montreal care Co., Round Lake, IL) and later sealed by heat appli-General Hospital. They were fed RMH 1000 (6% fat) cation. The tubing was spun down at 250 rpm for 4 min and allowed water ad libitum. The Canadian Council on to produce an islet plug. Animal Care (CCAC) guidelines to the care and use of Hamsters undergoing transplantation were anestheexperimental animals were strictly followed throughout tized with a 40% solution of sodium pentobarbital (35the study.
45 mg/kg b.wt.) administered IP. Upper midline laparotomy was then performed. A stay suture was placed into Induction of Hyperglycemia the seromuscular layer of the anterior wall of the stom-Hyperglycemia was induced using the multiple lowach between the body and the pylorus using 5-0 silk to dose streptozotocin (STZ) model of diabetes mellitus as facilitate retraction and exposure. A small serosal incidescribed by Rosenberg et al. (32) . Briefly, hyperglycesion was made and an 18-gauge IV catheter (Cathlon mia was induced in nonfasted animals by administration IV, Criticon Canada Inc., Markham, Ontario, Canada) of STZ (ICN Biomedicals LTD, St. Laurent, Quebec, was inserted between the muscular and submucosal lay-Canada) IP at a dose of 35-45 mg/kg body weight ers of the pylorus and advanced towards the duodenum. (b.wt.) for 3 consecutive days. The dosage of STZ was PE-50 tubing containing the islet plug was threaded inreconstituted at the time of the injection with monobasic side the catheter and the islet plug was injected into the sodium phosphate (Anachemia Canada Inc., Montreal, submucosal space. The catheter was then removed and Quebec, Canada) to a pH of 4.1-4.5. Diabetes was althe stay suture tightened to prevent leakage of the islets. lowed to develop for a 2-week period, prior to islet Sixty-four submucosal transplantations of isolated transplantation. Blood glucose measurements were perpancreatic islets were performed. The animals were ranformed on the 7th and 14th day after the start of STZ domized to three experimental groups. treatment to monitor the progression of the diabetic Group 1: Normoglycemic recipients (n = 35) were transstate. Only those animals with sustained hyperglycemia planted with 200-400 islets in order to establish the (above 350 mg/dl) were used as islet recipients in this technique, as well as to observe the changes that ocstudy.
curred to the implanted and adjacent tissues. The ani-Islet Isolation mals were sacrificed at various times ranging from 1 to 43 days posttransplantation. Animals with nonfasted blood glucose levels less than 150 mg/dl were used as donors. Islets were isolated Group 2: Diabetic recipients of less than 800 islets (n = 18) were divided into four subgroups: animals receiv-from hamster pancreata according to the method previously established in our laboratory (25). In brief, 4 ing 250 islets (n = 5), 400 islets (n = 6), 500 islets (n = 3), or 650 islets (n = 4). The animals were sacri-ml of collagenase P (0.7 mg/ml; Boehringer Mannheim, Laval, Quebec, Canada) was slowly introduced into the ficed at various times ranging from 3 to 43 days posttransplantation. common bile duct following occlusion of the distal portion of the bile duct just proximal to the duodenum. The Group 3: Diabetic recipients of more than 800 islets (n = 11) were divided into three subgroups: animals distended pancreas was excised and the digestion was performed in a water bath at 37°C for 30 min. Islet puri-receiving 800 islets (n = 6), 900 islets (n = 3), or more than 1000 islets (n = 2). The animals were sac-fication was achieved using a two-step, discontinuous den-STUDIES OF SUBMUCOSAL ISLET TRANSPLANTS 531 rificed at various times ranging from 25 to 129 days moglycemic, sham-operated control animals (n = 25); group 2, nontransplanted diabetic control animals (n = posttransplanatation. 5); group 3, diabetic recipients of less than 800 islets Monitored Parameters (n = 4); Group 4, diabetic recipients of more than 800 islets (n = 4). Animals were anesthetized with sodium Blood glucose levels and body weights were meapentobarbital and the left external jugular vein was cansured from 1 to 4 days following transplantation then nulated with PE-10 tubing (Clay Adams, Becton Dickinonce every other day until time of sacrifice. The blood son and Co.). A 20% solution of D-glucose (0.8 g/kg glucose levels were measured using an Accu-Check  III b.wt.) was then administrated. Blood samples (approxidigital glucometer (Boehringer Mannheim). Blood for mately 100 µl/per sample) were obtained by puncture of the glucose measurements (approximately 10 µl) was the retro-orbital venous plexus at 0, 5, 15, 30, 60, and drawn from the retro-orbital venous plexus in anesthe-150 min. The fractional decay constant (K), representing tized animals. Reversal of hyperglycemia, if achieved, the rate of blood glucose normalization for the first 60 was defined as sustained blood glucose levels of less min following glucose administration, was determined than 150 mg/dl in nonfasted animals for more than 2 according to previously established methods (28, 36) . weeks.
Statistical Analysis Microscopy and Immunohistochemistry
Data are expressed as mean ± SEM. The differences Grafts were excised en bloc with the distal stomach between the groups were considered statistically signifiand proximal duodenum, placed in Polylem TM solution cant at the p < 0.05 level. A multivariate two-factor (Polysciences, Warington, PA), and prepared for histo-ANOVA was performed to analyze the effects of enlogical examination. In addition, pancreata of successgrafted islet cell mass on the reversal of the hyperglycefully reversed diabetic animals were examined histologimic state. The dependent factor was blood glucose and cally to ensure that normalization of the hyperglycemic the independent factors were the treatment variable state was not due to pancreatic β-cell regeneration.
(transplantation of more or less than 800 islets) and Specimens were embedded in paraffin and sectioned time. K values and islet cell proliferation were analyzed at 5-µm thickness. Five sections cut in 50-µm increusing an unpaired two-tailed t-test. ments were mounted on separate slides and processed for routine light microscopy (hematoxylin and eosin).
RESULTS Pancreatic sections were also stained using kits contain-Morphology ing antibodies to insulin, glucagon, and somatostatin Normoglycemic Recipients. In this group, routine (DAKO Corp., Santa Barbara, CA). Tissues processed histology and immunocytochemistry for insulin of tissue with nonimmune serum substituting for the primary antisections cut through the implantation site demonstrated bodies was used as negative controls. that all grafts were in fact situated in the submucosal Islet Cell Proliferation layer of the duodenum and that the β-cells remained well granulated (Fig. 1A) . Glucagon-and somatostatin-Tritiated thymidine (ICN Biomedicals Inc., Irvine, producing cells were also demonstrated in all grafts (Fig.  CA.) was administered IP at a dose of 2 µCi/g b.wt. 2 h 1B). By the second week posttransplantation, single isprior to sacrifice. Incorporation of tritiated thymidine lets had merged together, forming large masses of islet into the graft islet cell DNA was detected by autoradiogtissue (Fig. 1C) . Thereafter, the cells of the graft apraphy (33) . Light microscopy (Leitz Dialux 20, Leitz peared as either large aggregates or smaller nests infil-Wetzlar, Germany) was used to determine the replicatrated by numerous small blood vessels. tion index of the β-cells. A cell was defined as replicat-
The proliferation rate of β-cells, as determined from ing when there were five or more silver granules overlytritiated thymidine-labeled autoradiograms, was highest ing the nucleus. Only cells stained positive for insulin immediately after implantation (LI = 3.23 ± 0.38; Figs. were counted as being positive or negative for replica-1D and 2). Thereafter, the replication rate of these cells tion. Replication percentages are expressed as the numin normoglycemic recipients demonstrated a rapid deber of replicating β-cells divided by the total number of crease until 14 days posttransplantation, at which time a β-cells (labeling index, LI) for each animal.
constant basal level was established.
Intravenous Glucose Tolerance Test (IVGTT)
Diabetic Recipients of Less Than 800 Islets. Administration of STZ induced overt hyperglycemia in all The technique of IVGTT in the hamster was established in a series of pilot studies, in keeping with pre-hamsters. Blood glucose levels were elevated immediately after the series of STZ injections, and were in the viously established principles (3,45). Animals were randomized into four experimental groups: group 1, nor-range of 387 ± 18 mg/dl at the time of transplantation. Normoglycemia was not achieved in any of the animals the islets were apparent, with extensive vacuolization of cytoplasm and fragmentation of nuclei (Fig. 1F ). The transplanted with less than 800 islets. In these animals, the blood glucose concentrations ranged from 250 to intensity of insulin immunostaining was significantly decreased in comparison to that of the nondiabetic con-550 mg/dl and no significant declines in blood glucose levels were noted (Fig. 3) . trol group. Infiltration by inflammatory cells was not observed. Islet grafts situated in the submucosal space were easily identified by light microscopy. In the animals sacrificed during the first 10 days following transplantation, Diabetic Recipients of More Than 800 Islets. Reversal of hyperglycemia was achieved after a successful the islet cells showed little or no insulin staining by immunocytochemistry ( Fig. 1E ). Some islets lost their implantation of more than 800 islets. The pretransplant levels of blood glucose in this group were in the range normal structure and islet cells demonstrated varying degrees of degeneration with condensation or fragmenta-of 403 ± 14 mg/dl at the time of transplantation. Euglycemia was restored in 8 out of 11 animals (73%) in this tion of nuclei. In the animals sacrificed after 2 or more weeks, signs of widespread cell damage in the core of group. The reversal of hyperglycemia did not occur im- mediately after transplantation but, rather, gradually Compared with sham-operated control animals, STZtreated control animals and those receiving less than 800 over 2-5 weeks (Fig. 3) . However, once begun, the decline of blood glucose levels to normal was relatively islets exhibited glucose intolerance. Basal blood glucose levels were elevated in the nontransplanted diabetic con-fast and normoglycemia was then maintained until sacrifice.
trol group (395 ± 22 mg/dl) and in the diabetic recipients of less than 800 islets (389 ± 29 mg/dl). A significant Morphological findings in this group were similar to those of normal recipients (Fig. 1G ) and immunocyto-difference was detected at all time points between the normoglycemic, sham-operated hamsters and these two chemistry demonstrated well-preserved islets with intense staining for insulin ( Fig. 1G, H) . Histological ex-groups.
The K values of the sham-operated control animals amination of the native pancreases in this group of animals was consistent with a severe diabetic state re-and the recipients of more than 800 islets were similar (0.95 ± 0.06 and 1.16 ± 0.12, respectively). These values flected in the total destruction of the β-cells. This confirmed that the reversal of the diabetes was not due to were significantly different (p < 0.001) from those of the nontransplanted diabetic control animals and the recipi-the recovery of insulin production from native islets.
Three hamsters transplanted with more than 800 is-ents of less than 800 islets (0.47 ± 0.07 and 0.29 ± 0.08, respectively). lets remained diabetic during the course of the experiment. In these animals, the grafts could not be retrieved DISCUSSION for histological examination, indicating a probable tech-This study describes a method for the transplantation nical failure.
of islets into the submucosal space of the upper gastroin-Intravenous Glucose Tolerance Test (IVGTT) testinal tract. The selection of the submucosal space was based on an understanding of islet development and on Glucose clearance following a glucose bolus was examined by IVGTT (Fig. 4) . In normoglycemic, sham-postisolation approaches to promoting islet cell survival. During embryogenesis the pancreas develops from the operated hamsters, injection of glucose at time 0 resulted in a blood glucose peak at 5 min, followed thereafter by primitive foregut, the same area that gives rise to the stomach and duodenum (13). At an early stage of pan-a gradual decline to baseline. Basal blood glucose levels for diabetic recipients of more than 800 islets were simi-creatic development, epithelial evagination of the foregut endoderm into the surrounding mesoderm results in lar to the levels seen in the normoglycemic, sham-operated controls (143 ± 10 vs. 128 ± 4 mg/dl, p > 0.05).
a morphogenetic response that leads to pancreatic epi- thelial cell differentiation (39, 42) . Endocrine cells then transplants into other sites that can result in hyperinsulinemia. develop from these primitive duct-like cells and then migrate away from the duct wall to form primitive islets in
The first study to utilize the submucosal space of the small intestine as a transplantation site was conducted the adjacent mesenchyme (5,10,44). It has been shown in vitro that this mesenchymal-epithelial interaction is by Shaw and Latimer in 1926 (38) . In that report, isografts of pancreatic duct epithelial fragments implanted critical for endocrine cell differentiation (11, 30, 46) . In the context of the adult pancreas, freshly isolated canine into the duodenal wall of pancreatectomized dogs were found to undergo varying degrees of differentiation to-islets that are cultured with solubilized small intestinal submucosa have been shown to exhibit improved islet wards pancreatic islets and acini. This study suggests that the submucosal compartment provides a local mi-cell survival and function (21) . Hence, these data support the notion that the submucosal space of the upper croenvironment that would be likely to support longterm islet survival and function. gastrointestinal tract may provide a trophic microenvironment to support islet implantation, survival and long-Indeed, in the present study, islets transplanted to the submucosal space remained viable and maintained their term function.
The submucosal space has features that make it par-production of insulin for at least 20 weeks. An additional benefit of this site is that it can accommodate ticularly attractive as a transplantation site. First, implantation can be accomplished easily, and ready access large amounts of tissue without the risk of portal hypertension, and disseminated intravascular coagulopathy as to the graft is afforded following transplantation, should this be required for biopsy or otherwise. Second, the seen with intraportal infusions of islets (1,4). Islet cell replication or neogenesis may play a crucial submucosal space contains a rich vascular supply that could directly provide the islets with needed nutrients role in the maintenance of the islet cell mass of the graft. It has been postulated that the establishment of an eugly-and oxygen. Third, the venous drainage of the submucosal space is via the portal vein, hence glucose ho-cemic environment is important for the regeneration of transplanted islets (29) . We showed that the replication meostasis is regulated in a physiologic manner, unlike rate of the cells comprising the graft in normoglycemic euglycemic state when sufficient cell mass is implanted. Moreover we demonstrated that this site appears to sup-recipients was highest at day 3 following transplantation. Interestingly, this pattern of β-replication is similar port a brief induction of β-cell replication. This latter phenomenon needs to be further explored to determine to previous reports, which showed that β-cell replication also peaked at day 3-4 after 90% pancreatectomy (8, 27) whether it could be amplified or sustained. Stimulation of β-cell replication could lead to a reduction in the cell and after glucose infusion (4). The labeling index of βcells decreased steadily until 14 days posttransplantation mass required for successful transplantation. and remained at a constant level, resembling the rate of
